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A
numerical simulation based on the method of characteristics is employed to study the
dynamic response of ball valves and check valves following full bore rupture of high
pressure gas pipelines. The study, performed in conjunction with the hypothetical
rupture of a 145 km pipeline containing methane at 133 bar, includes simulating the effects of
valve proximity to the rupture plane and the delay in closure on the total amount of inventory
released prior to pipeline isolation. The accompanying pressure oscillations and surges are also
accounted for. The results are in turn used to recommend guidelines regarding the appropriate
choice of emergency shutdown valve depending on the failure scenario.
Keywords: pipeline rupture; dynamic response; pressure surge; pressure oscillation; ESDV
activation time; ESDV closure time.
INTRODUCTION
Long pipelines are frequently used for the transport of large
quantities of hydrocarbons under high pressure. In the case
of a typical offshore platform in the North Sea, for example,
the amount of gas present in a 150 km pipeline at 100 bar is
637,000kg. This represents an enormous source of energy
release which in the event of full bore pipeline rupture
(FBR) poses the risks of general and extreme ® re exposure
to all personnel in `open platform’ areas, and also under-
mines platform integrity. The Piper Alpha tragedy1 clearly
demonstrated the catastrophic nature of this type of
accident.
The risk of FBR is of course not con® ned to offshore
installations. Table 1 lists some of the documented cases2 of
pipeline rupture in the past two decades which have resulted
in numerous fatalities and damage to the environment.
In order to isolate and thereby limit the amount of inventory
whichmay be released as a result of pipeline rupture, it is now
a statutory requirement3 that all pipelines larger than 40mm
diameter conveying ¯ ammable gases or liquids must be
equipped with emergency shutdown valves (ESDV).
In offshore operations, the responsibility is then placed
upon the operators of the platform to demonstrate, through
the Safety Case4 , that all hazards arising from pipeline
rupture are addressed and satisfactorily accommodated.
Central to this type of analysis is the evaluation of the
release rate and its variation with time in the event of FBR
during isolated (ESDV operating) and un-isolated (ESDV
disabled) release. Such data have an important bearing on
almost every safety aspect of the platform including the
survival time of the temporary safe refuge.
Basically, there are two types of valves which may be
employed for emergency shutdown. These include ball
valves which are self-activating on sensing a drop in
pressure, or check valves which allow ¯ ow in one direction
only. Associated with each valve, there are two character-
istic time domains which govern their performance. The
® rst, here de® ned as the activation time ta , is dictated by the
time lapsed for ¯ uid disturbances initiated as a result of FBR
to be transmitted from the rupture plane to the location of
the ESDV. The other, de® ned as the closure time tc , is a
design parameter and corresponds to the time it takes for the
valve to close from the moment it is activated until its
complete closure. The valve response time, tr , is the
summation of the two.
The choice of the appropriate valve presents design and
safety engineers with a dilemma.
The advantage of a check valve is its low tc , thus
minimizing the amount of inventory loss following FBR.
This may however be at a cost of dangerously high pressure
surges resulting from bringing the high-velocity escaping
¯ uid to rest5 ± 8 . Although such problems are normally
insigni® cant in the case of a ball valve due to its gradual
closure, signi® cant amounts of inventorymay escape during
this period. This effect becomes particularly important near
the rupture plane where massive amounts of inventory are
released in a very short space of time. In addition ball
valves, particularly those suitable for offshore applications,
are very expensive.
In this paper we employ a validated mathematical model
for unsteady state ¯ ow to demonstrate the importance of
predicting the rapid variations in the ¯ uid dynamics within
the pipeline following FBR and their in¯ uence on the
appropriate choice of ESDV. Of particular interest will be
the evaluations of lost inventory and resulting pressure
surges as a function of valve proximity to the rupture plane
and its response time.
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THEORY
The theory describing the unsteady generalized one-
dimensional ¯ ow including heat transfer and friction has
been well documented9 ± 1 1 and hence only a brief account of
the important features is given here.
Basically, the analysis involves solving the mass, momen-
tum and energy conservation equations (see Appendix) using
a numerical approach such as that based on the Method of
Characteristics (MOC)9 . This type of modelling has been
shown to simulate FBR of gas pipelines with a reasonable
degree of accuracy1 0 ,1 1 .
The three conservation equations given in the Appendix
may be replaced by the following characteristic and
compatibility equations:
dt
dx p
= 1u (path line characteristic) (1)
dt
dx 6
= 1u 6 a (Mach line characteristics) (2)
The pathline compatibility is:
dP - a2d q = wu dx = w dt (3)
where P, q , u and a are ¯ uid pressure, density, velocity and
acoustic velocity respectively, as a function of time t and
distance x along the pipeline. w is the non-isentropic term
incorporating heat transfer and frictional effects.
The positive and negative compatibility equations can be
written as:
d 6 P 6 q ad 6 u = [w 6 a b ]dt (4)
where b is the friction term.
The characteristic equations (1) and (2) stipulate the way
in which information is propagated through a ¯ ow ® eld. As
such, they play a fundamental role in dictating the ESDV
response time. To illustrate this, it is important to appreciate
the nature of the process taking place following FBR.
FBR results in a centred expansion wave that propagates
along the pipeline away from the rupture plane with the
speed of sound. The origin of a centred expansion wave is a
singular point where in® nite values for ¯ ow properties exist
at any given time and distance9 . The velocity at the front of
the wave which is a C+ characteristic is a. This wave
imparts a drop in pressure which in turn results in a series of
expansion waves which propagate into the disturbed ¯ uid
with an increasing negative velocity, -u, and decreasing
speed of sound, a. These waves result in the acceleration of
the ¯ uid particles (which have a C0 characteristic with
velocity, u) in the opposite direction and hence result in
out¯ ow. Accordingly, the speed of propagation,
dx / dt = u + a, of each consecutive expansion wave is
smaller than that of the preceding wave and hence the
waves diverge.
Figure 1 is a schematic representation of the above
phenomenon. The zone near the rupture plane represents
domains of rapid changes in ¯ ow properties such as pressure
and discharge velocity. Indeed this type of behaviour is
synonymouswith FBR where massive amounts of inventory
are released during the ® rst few seconds following rupture.
This trend is immediately superseded by a much lower and
gradually decreasing discharge rate.
In the case of a check valve, its activation time, ta is
predominantly governed by the time it takes for the ® rst
centred expansion wave (C+ t0 characteristic) to travel from
the rupture plane to the location of the valve. At this
instance, the velocity ur of the gas in the reverse direction is
zero and hence the valve will not be exposed to a pressure
surge provided it closes instantaneously.The problem arises
for larger values of tc when the ¯ ow velocity ur rapidly
increases. The resulting pressure surge which may be
signi® cant is estimated from Joukowski’ s equation5 which
is given by:
D P = q aur + u2r (5)
It is then up to the design engineer to decide whether the
mechanical integrity of the pipeline may be undermined
following exposure to this level of pressure surge. Such a
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Table 1. A listing of some of the major accidents relating to pipeline rupture2.
Date Location Nature of accident Damage caused
9 December 1970 Port Hudson, Missouri, USA Rupture of 20.32cm propane pipeline Ignition of gas caused explosion and a
releasing 60 tonnes of gas ® restorm. 10 injured
24 October 1978 Brookside Village, Texas, USA 76.2cm natural gas pipeline ruptured 41 injured and 6 deaths
and caused extensive damage
28 July 1988 San Juan De Los Reyes, Mexico Oil pipeline explosion 10,000 people had to be evacuated, 80
injured and 11 deaths
28 August 1988 Juan Diaz Covarrubias, Mexico 76.2 inch pipeline ruptured along Fire burned for 5 hours and 20,000
4 km length. Caused ® re of 4.8 km barrels of crude oil lost. 80 injured and
radius 12 deaths
9 November 1988 Mahul, Bombay, India Naptha pipeline ruptured and split Structural damage. 40 injured and 12
inventory caught ® re deaths
30 January 1992 Baku area, Azerbaijan Crude oil pipeline ruptured Split crude oil entered water pumping
system
March 1992 Penza Oblast, Russia Druzhba oil pipeline ruptured Massive pollution of local river
leading to the loss of 6000m3 oil
29 September 1993 Caracas, Miranda State, Venezuela Rupture of natural gas pipeline 60 deaths as a result of the blast
October 1994 Usinsk area, Russia Major crude oil pipeline rupture Leakage over 14,400m2 occurred.
120,000 tonnes of oil spilt over tundra
river Pechora
decision clearly requires a prior knowledge of the ¯ uid
velocity, ur .
For a ball valve on the other hand, ta depends on whether
suf® cient time has lapsed for the expansionwaves to cause a
drop in the ¯ uid pressure equal to that for which the valve
has been set to trigger.
The classical inverse marching method of characteristics9 ,
employed for solving the compatibility equations, involves
division of the pipeline into a large number of elements, and
obtaining the solution points for the characteristic equations
(1)±(2) at each node at regular time intervals. This is done
using linear interpolation, iteration and expressing the
compatibility equations in ® nite difference form. In addition,
a nested grid system1 0 ,1 1 is incorporated near the rupture
plane in order to obtain a more accurate and stable resolution
of the fast transient in that region. Our experience has shown
that solving a matrix of interpolation equations simulta-
neously drastically reduces the number of iterations involved.
This has a marked effect on reducing the computational
work load. For example, in the case of FBR simulation of the
MCP-01 riser1 0 , a typical CPU using a Hewlett Packard 486
PC covering depressurization over 20,000 seconds is ca 2.4
hours. This compares to 22.1 hours using the traditional
iterative approach such as that reported by Chen et al.1 0 on a
SUN SPARC station 2 for the same simulation.
Valve Closure Modelling
Check valve
Check valve closure is simply modelled by introducing
closed end boundary conditions at the required time and
space co-ordinates, relative to the passage of ¯ ow reversal
and distance from the rupture plane respectively. Here we
are assuming a worst case scenario in which the ¯ ow of gas
is assumed to remain unhindered until complete closure of
the valve. Figure 2 shows a schematic representation of the
appropriate boundary conditions on either side of the valve.
i and j are the local initial and solution nodes respectively
in the space-time grid and p and n are the points where the
C+ and C- characteristic lines intersect the spatial axis
between two adjacent nodes. The C0 characteristic on either
side is zero since the ¯ ow velocity at that point is zero. The
solution pressure Pj is obtained on the downstream side by
rearranging the negative compatibility equation and using
average values for the discrete parameters. Hence:
Pj = Pn - (q a)jnun + w - a b jn D t (6)
whereas on the upstream side, the positive compatibility is
used:
Pj = Pp + q a( )jpup + w + a b jp D t (7)
The density on either side of the valve can be obtained from
the pathline compatibility equation.
Ball valve
Themodelling of the ball valve is more complex due to its
relatively complicated `closure geometry’ and slow closure
rate. Here, the variation of ¯ uid ¯ ow properties must be
evaluated as a function of time during valve closure.
The compatibility equations need to be rearranged to take
account of the pressure drop across the closing valve. If
conditions on the upstream and downstream sides of the
valve are denoted by the subscript j 9 + and j 9 - respectively,
then the corresponding characteristics diagram for the
conditions on either side of the valve is given in Figure 3.
The compatibility equations for each of the characteristic
lines, C+ , C- and C0 are respectively given by:
Pj 9 + - Pp+ (q a)pj 9 + (uj- up)= w + a b pj 9 + D t=K1
(8)
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Figure 1. A schematic representation of expansion wave propagation with time following full bore pipeline rupture.
Figure 2. Grid scheme for the check valve closure.
Figure 3. Grid scheme for the conditions on either side of the closing ball
valve.
Pj 9 - - Pn- (q a)nj 9 -(uj - un)= w - a b nj 9 - D t=K2
(9)
Pj 9 + - P0 - a2 0j 9 + q j - q 0 = w 0j 9 + D t = K3
(10)
Equations (8)±(10) contain four unknowns that change
with time, namely Pj+ , Pj- , uj and q j. The closure relation
for the above system of equations can be derived from the
valve loss equation1 2 ,1 3 :
Q(t)= Cd(t)Af (t) 2 D P(t)q (t) (11)
where Q is the volumetric ¯ ow rate through the valve at any
time, t during closure, Cd is the valve discharge coef® cient,
and Af is the valve area open to ¯ ow.
The valve discharge coef® cient is a function of valve type
and degree of opening. For the purposes of this paper we use
the following correlation ® tted to the data given by Wylie5
for a ball valve:
Cd = A0 + A1 x + A2 x 2 + A3 x 3 + A4 x 4 (12)
where A0 to A4 are the curve ® tting constants (see
nomenclature) and x is the percentage area of valve
opening. The valve ¯ ow area at any given time t during
closure is related to x via:
Af (t)= 2
p R22 cos- 1
R-
2R - x(t)
2
360
- R - (2R - x(t))2 R2 - R - (
2R - x(t))
2
2
(13)
where R is the pipeline radius and x is the distance traversed
by valve at time t as indicated in Figure 4.
The corresponding volumetric ¯ ow rate through the valve
can be simply expressed in terms of the ¯ uid velocity, u(t)
as:
Q(t)= u(t)Af (t) (14)
Substituting equation (14) into equation (11) and taking
ratios of ¯ ow rate over a given time interval during closure,
the pressure loss across the closing valve is:
D P(t)= Pj 9 + - Pj 9 - = D
Po
u2oC
2
d q o
u2j q j = K4u2j q j (15)
where:
K4 = D Pou2oC2d q o
(16)
D Po is the valve fully open pressure loss over the pipe
element that contains the valve (Pi-1 - Pi+1; Figure 3) and
uo and q o are the respective ¯ uid velocity and density
through the fully open valve.
The pressure drop across the valve can also be obtained
from the compatibility equations by subtracting equation (9)
from equation (8), i.e.:
Pj 9 + - Pj 9 - = K1 - K2 + PP - Pn - uj
(q a)pj 9 + + (q a)nj 9 - + ((q a)pj 9 + up
+ (q a)nj 9 -un (17)
Similarly from equations (9) and (10):
Pj 9 + - Pj 9 - = K3 - K2 + P0 - Pn - uj(q a)nj 9 -
+ (q a)nj 9 -un + a2 0j 9 + q j
- a2
0j 9 +
q 0 (18)
Equating equations (17) and (18) and rearranging we have:
q j =
K5 - (q a)pj 9 + uj
a2
0j 9 +
(19)
where:
K5 = K1 - K3 + Pp - P0 + q a( )pj 9 + up + a2 0j 9 + q 0
(20)
Substituting for q j from equation (19) into equation (15)
and equating to equation (17), the ¯ uid velocity uj is given
by the following cubic equation:
u3j + K6u2j + K7uj + K8 = 0 (21)
where:
K6 = -
K5
q a( )pj 9 +
(22)
K7 =
(q a)pj 9 + + (q a)nj 9 - a2 0j 9 +
(q a)pj 9 +K4
(23)
K8 = K1 - K2 + Pp - Pn + (q a)pj 9 + up
+ (q a)nj 9 -un
a2
0j 9 +
(q a)pj 9 +K4
(24)
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Figure 4. A schematic representation of ball valve closure geometry. The
unshaded area represents the valve ¯ ow area, Af (equation (13)). The shaded
area is the area covered by the valve.
Equation (21) results in three real roots for the ¯ uid
velocity, two of which are positive. The solution is taken as
that which is less than the maximum choke velocity at the
rupture plane.
The remaining dependent variables Pj 9 - , Pj 9 + , and q j can
then be calculated from the compatibility equations (8)±
(10).
RESULTS AND DISCUSSION
The particular case examined here corresponds to a real
North Sea pipeline of length and diameter 145 km and
0.87m respectively, containing methane. The initial ¯ ow
velocity is 10m s-1 and the line pressure and temperature
are 133 bar and 283K respectively. Under such conditions
the inventory is in the gas state and its properties may be
approximated as ideal. A constant fanning friction factor,
f = 0.0018205 and ratio of speci® c heats, c = 1.33 are
used. The pipeline is partially insulated with a heat transfer
coef® cient of 5Wm-2K-1.
For the sake of analysis, worst case scenarios are assumed
in which rupture occurs during pumping at the high pressure
end of the pipeline (at the riser section in the case of
offshore platforms). Additionally, the ball valve is assumed
to be set to trigger at a 10 bar drop below the normal
operating pressure.
The following is a quantitative assessment of hypothe-
tical situations following FBR involving the provision of
both check valves and ball valves placed at various
distances from the rupture plane.
Fluid Dynamics Data
Figure 5(a) shows ¯ uid velocity and pressure pro® les at
various time intervals spanning the ® rst 50 s following FBR
in the absence of ESDVs. Some of the salient features of the
data together with their implications are summarized in the
following:
(1) FBR produces an expansion wave which results in a
signi® cant change in ¯ uid pressure and velocity to choke
conditions in the immediate vicinity of the rupture plane.
However, the conditions downstream of the expansion
waves remain much the same as those prior to rupture,
oblivious to the rapid changes occurring at the rupture end.
This is manifested in the constant pressure and velocity lines
shown in the ® gure.
(2) The sudden loss in pressure results in ¯ ow of gas in
opposite directions, so that there is an out¯ ow at both ends
of the pipeline. The position of ¯ ow reversal corresponds to
the points at which the velocity pro® les cross the abscissa
(positive values denote ¯ ow towards the rupture plane in
Figure 5(a)). For clarity, the ¯ ow reversal location is also
mapped as a function of time and distance along the pipeline
in Figure 5(b).
(3) At any given time, the ¯ ow reversal point lags the
pressure peak.
(4) In the case of a check valve, its activation time ta is
directly dictated by its location relative to the position of the
¯ ow reversal. For example, from Figure 5(a), the minimum
activation time ta for a valve positioned 4.6 km from the
rupture plane is 10.4 s. However, for a ball valve located at
the same location and set at 10 bara below the working
pressure, the corresponding activation time is 11.2 s. This
difference in time, although small, represents a considerable
difference in the amount of inventory released.
Mass Release Data
Figure 6 shows the effect of ESDV proximity to the
rupture plane on the total amount of inventory release prior
to complete pipeline isolation. Curve A represents the data
for a check valve whereas curve B represents the
corresponding data for a ball valve. Negligible closure
time is assumed for the former. The ball valve on the
other hand is assumed to close at a rate of 2.54 cm s-1.
The released inventory has been calculated on the basis
of ® tting a polynomial to discharge rate versus time data
and integrating the resulting equation over the valve
response time tr . Added to this is the amount that
remains in the isolated section of the pipeline following
complete valve shutdown and depressurization to the
ambient pressure.
From the data it is clear that in terms of limiting the
inventory loss, a check valve offers a far better degree of
protection as compared to a ball valve when either is placed
in close proximity to the rupture plane. This is, of course, on
the basis of the assumption that the check valve closes
instantaneously upon the detection of ¯ ow reversal and as
such it would not be exposed to a pressure surge. Ironically,
experience in the nuclear industry1 4 has shown that
relatively large values of ¯ ow reversal velocity are required
to ensure complete valve closure.
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Figure 5. (a) Pressure and ¯ uid velocity pro® les following FBR. (b) Flow
reversal location along the pipeline as a function of time following FBR.
At longer distances, the difference in performance
between the two valves becomes insigni® cant.
It is noteworthy that the deceptively simple argument
assuming that the total inventory released following valve
shutdown is equal to that within the isolable section of the
pipeline prior to FBR results in signi® cant underestimates.
This is particularly so in the case of ball valves placed in
close proximity to the rupture plane. Figure 7 graphically
supports this argument.
The data show the variation of the % underestimate of
inventory released as a function of valve proximity to the
rupture plane.
Pressure/Time History
The effect of time delay
Figure 8 shows various pressure transients created on the
upstream side of a check valve positioned 300m from the
rupture plane (just above the sea level in offshore
platforms). Curve A represents the response for valve
closing upon sensing ¯ ow reversal. Curves B, C and D, on
the other hand, represent the data for closure at 0.55, 1.4 and
6.5 s after the passage of ¯ ow reversal. In practice such time
delays may represent an intentional damped closure of the
valve in order to avoid damage due to valve slamming6 ,8 ,1 4 .
The data relate to a short pipeline (10 km), as pressure
¯ uctuations are more pronounced in such cases (see later).
The data in Figure 8 indicate signi® cant pressure
oscillations, the amplitude of which directly increases
with time delay. Indeed such ¯ uctuations have often been
observed in practice primarily in pipelines transporting
water and steam in the nuclear industry1 4 . They arise as a
consequence of the re¯ ection of the expansion waves
(generated following FBR) from the closed end of the
pipeline. As the speed of the re¯ ected wave is equal to the
local speed of sound relative to the ¯ uid velocity (left
running characteristic), such oscillations are expected to be
more frequent in pipelines containing liquids. Experimental
data reported in the literature1 5 ± 1 7 are in support of this
view.
Figure 9 shows the same data as Figure 8 but for different
length pipelines. For the sake of illustration, the check valve
is assumed to close 1.7 s after the passage of ¯ ow reversal.
The data indicate that short pipelines are particularly prone
to transient pressure oscillations. For example, in the case of
a 1 km pipeline, emergency isolation would result in a
massive (40 bar) pressure pulse occurring during the ® rst 4 s
following emergency shutdown. Such dynamic oscillations
are clearly undesirable in practice as they can give rise to
serious pipelinevibrationproblems. They are less pronounced
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Figure 7. Percentage underestimate of total inventory loss based on the
simple isolation section approximation: curve A; check valve: curve B; ball
valve.
Figure 6. The variation of inventory loss as a function of ESDV proximity
to the rupture plane: curve A; check valve; curve B; ball valve.
Figure 8. The effect of time delay on pressure-time history at the upstream
side of a check valve placed 300m from rupture plane.
in long pipelines because of frictional losses which cause
deceleration of the pressure waves.
An additional danger, particularly in the case of pipelines
transporting condensible liquids, is due to cavitation1 8 . In
such cases, if the drop in ¯ uid pressure is suf® cient to reach
its vapour pressure, a vaporous cavity is produced which
may suddenly collapse in response to a re¯ ected pressure
wave. This may cause the check valve to open momentarily
thus resulting in further loss of inventory.
Figure 10 shows the variation of upstream valve pressure
during closure, modelled using the appropriate theory
described earlier. The closure rate for the ball valve is
5.3 cm s-1 which is approximately double the rate used in
practice for such diameter pipelines. No ¯ uctuations
in pressure can be observed despite such a rapid closure
rate. The data for a check valve are also included for
comparison.
Pressure surge data
Figure 11 shows the variation of pressure surge devel-
oped at the upstream side of the check valve as a function of
the delay in its closure relative to the passage of ¯ ow
reversal. Each pressure surge has been calculated on the
basis of equation (5) and corresponds to the resulting head
caused by bringing the ¯ uid impinging on the upstream side
of the valve to rest.
As expected, zero pressure surge is recorded when the
valve closes instantaneously, upon the detection of ¯ ow
reversal. However, only a small delay (ca. 1.1 s) in valve
closure results in a signi® cant build-up in pressure head
reaching a peak of 49 bar (corresponding to ca. 37%
increase in line pressure). Interestingly, further increase in
time delay actually results in a reduction in pressure head.
This is primarily because the drop in the line pressure due to
inventory loss has a more marked effect on reducing the
pressure head that is developed during the latter stages of
discharge.
CONCLUSIONS
Some of the important conclusions of our ® ndings are:
(1) The dynamic response of both check valves and ball
valves following FBR depends primarily on their proximity
to the rupture plane and the ¯ ow reversal propagation speed.
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Figure 10. Upstream valve pressure-time histories: curve A; check valve:
curve B; ball valve.
Figure 9. The effect of pipeline length on the upstream pressure-time
history of a check valve, placed 300m from the rupture plane. The valve is
assumed to close 1.35 seconds after the passage of ¯ ow reversal.
Figure 11.Variation of surge pressure at the upstream side of a check valve
with closure time delay (relative to the passage of ¯ ow reversal). The valve
is positioned 300m from the rupture plane.
As the latter is directly related to the velocity of sound in the
¯ uid medium relative to the escaping ¯ uid:
(a) pipelines containing gases are expected to be more
susceptible to delayed emergency shutdown compared to
those containingliquids.This shouldbe balanced,however,
against the higher pressure surges expected in liquid
pipelines;
(b) shutdown delay is expected to be longer when rupture
occurs during `normal’ ¯ ow as compared to that
occurring during `shut-in’ . This is because in the former
the expansion wave propagation velocity, which directly
affects the valve activation time, is decelerated due to the
normal ¯ ow of gas in the opposite direction.
(2) In the case of a check valve, the amplitude and
frequency of upstream pressure ¯ uctuations following
emergency shutdown are directly related to:
(a) gas ¯ ow reversal velocity at the time of valve closure;
(b) valve proximity to the rupture plane;
(c) pipeline length;
(d) ¯ uid compressibility.
Pipelines incorporating ball valves are generally not
susceptible to pressure surges or oscillations.
(3) No pressure surge is expected in the case of a check
valve closing instantaneously upon sensing ¯ ow reversal.
However, even in the case of a very short delay (ca. 2 s), a
relatively large build-up in the pressure surge to a maximum
value can be expected. It then diminishes in magnitude for
larger closure delays.
(4) In terms of limiting the amount of released inventory
following emergency shutdown, a check valve offers a far
better degree of performance compared to a ball valve when
either is placed at close proximity of the rupture plane. At
longer distances, however, the difference in performance
becomes insigni® cant.
(5) A deceptively simple argument that the total amount of
inventory released following FBR is equal to that present in
the isolable section of the pipeline prior to ESD may give
rise to gross underestimates, particularly in the case of ball
valves placed in close proximity to the rupture plane.
In conclusion, the results of our study demonstrate the
importance of analysing the effect of ¯ uid ¯ ow behaviour
following full bore pipeline rupture on the dynamic
response of emergency shutdown valves. The general
conclusions reached, however, are applicable to the range
of parameters tested in the present study. Although they may
serve as a useful starting point, a comprehensive analysis is
recommended in conjunction with the particular system
under investigation. This is particularly the case for
pipelines containing two-phase mixtures. In this study, the
Method of Characteristics (MOC) has been shown to be a
powerful tool in allowing such type of analysis.
APPENDIX
The continuity,motion and energy conservation equations
are:
q t + u q x + q ux = 0 (A1)
q ut + q uux + Px - b = 0 (A2)
Pt + uPx - a2(q t + u q x)- w = 0 (A3)
The equation for heat transfer from the surroundings to the
¯ uid is:
q = 4UhD (T¥- Tf ) (A4)
The friction term is given from the steady state approximation
when the fanning friction factor f is assumed to remain
constant for high Reynolds numbers:
b = -2 fD q u| u| (A5)
The non-isentropic term in equation (A3), w , is given by:
w = (c - 1)(q - ub ) (A6)
NOMENCLATURE
a speed of sound, m s-1
Af ¯ ow area at valve, m
2
Cd valve discharge coef® cient
D pipe diameter, m
f fanning friction factor
g gravitational constant, m s- 2
P pressure, Pa
q heat transfer term, Wm- 3
Q volumetric ¯ uid ¯ ow rate through the valve, m3 s-1
R radius of pipe, m
T temperature, K
T¥ surrounding temperature, K
ta valve activation time, s
tc valve closure time, s
Tf ¯ uid temperature, K
tr valve response time, s
u ¯ uid velocity, m s-1
ur reverse ¯ ow velocity, m s-
1
Uh heat transfer coef® cient, Wm-
2K- 1
x distance along pipe in downstream direction, m
Greek letters
b friction term
q density, kgm- 3
c ratio of speci® c heats
s dimensionless time
x percentage area of valve opening
w non-isentropic term (includes friction and heat transfer effects)
Values of coef® cients for equation (12)
A0 -0.00111888
A1 0.001104507
A2 8.13E-05
A3 -1.73E-06
A4 1.81E-08
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